The Stoicheiometry and Molecular Mechanism of Adenosine Diphosphate Phosphorylation Catalysed by the Proton-Translocating Adenosine Triphosphatase Systems of Mitochondria, Chloroplasts and Bacteria

PETER MITCHELL
Glynn Research Laboratories, Bodmin, Cornwall PL30 4A LJ, U.K.
The family of fundamentally similar Mg2+-activated ATPase* systems found in the membranes of mitochondria, chloroplasts and bacteria, acting reversibly as an ATP synthase in practically all cells containing either photosynthetic pigments or cytochromes, probably represents one of the most widely distributed of all enzyme systems (Racker, 1970; Harold, 1972; Jagendorf, 1973) . Under the circumstances it may, at first, seem surprising that this oligomycin-sensitive or dicyclohexylcarbodi-imide-sensitive enzyme system has not been more extensively studied by biochemists. But on further consideration, it is evident that the study of this important system has been inhibited by what many biochemists have regarded as an unsatisfactory answer to the question: what does this enzyme system actually do, and what reaction does it catalyse?
For many years, biochemists thought that this reversible ATPase system ought to couple the phosphorylation of ADP to the breakdown of 'high-energy' intermediates of low molecular weight that were believed to be produced by the respiratory chain or photoredox chain system (see Racker, 1961 ; Ernster & Lee, 1964) . Subsequently, the complete lack of experimental evidence for such intermediates of low molecular weight caused a diversion of biochemical interest towards the notion that reversal of the ATPase reaction is achieved by intimate contact between the ATPase system and components of the redox chain or via high-molecular-weight intermediates, the energy being directly transmitted through the redox-ATPase complex either by conformational or by subtle electrical interactions or by both (Boyer, 1954 Chance, 1972; Green & Ji, 1972; Slater, 1972) . Accordingly, the task of demonstrating the biochemical functional activity of the ATPase system would be particularly formidable, and it is, perhaps, not surprising, after all, that the prospect has seemed discouraging to many biochemists.
I have endeavoured to encourage a different view of the biochemical function of the reversible ATPase system, namely that it couples the hydrolysis of ATP to the translocation of protons across the membrane in which it is situated. Although this view began by being as purely hypothetical (Mitchell, 1961) as thealternative notions, it has had the great advantage of suggesting simple experiments by which it can be tested.
It was shown (Mitchell & Moyle, 1965a , 1968 ) that the oligomycin-sensitive hydrolysis of ATP by the ATPase system of intact rat liver mitochondria was accompanied by the outward translocation of close to 2H+ ions/ATP molecule hydrolysed to ADP and Pi. The ATPase of intact mitochondria is accessible to ATP, ADP and Pi only from inside the cristae membrane. Therefore this 4H+/P quotient near 2 might have included B contribution associated with the passage of ATP, ADP and PI through their respective atractyloside-and N-ethylmaleimide-sensitive porters. However, sonically prepared vesicles from mitochondria are inside-out and translocate protons inwards during ATP hydrolysis (Mitchell & Moyle, 19656; Mitchell, 1966) , and the specific porter reactions are not involved. By using sonicated vesicles from rat liver mitochondria, it has been possible to establish that the -+H+/P quotient for the ATPase system, uncomplicated by porter reactions, is near 2 (Moyle & Mitchell, 1973) . The proton-translocating property of the ATPase system of mitochondria from rat liver and from other sources has been confirmed in several laboratories (see Mitchell, 1972; Skulachev, 1972) . A similar proton-translocating property and polarity of the ATPase systems of some bacterial membranes has aiso been demonstrated directly (Scholes et a!., 1969) and indirectly (Harold, 1972) , but more quantitative studies are needed. The ATPase system of chloroplast grana is orientated as in mitochondria1 sonic vesicles, but quantitative studies of proton translocation accompanying ATPase activity are complicated by the need to 'trigger' the ATPase reaction. Nevertheless, Carmeli (1970) succeeded in measuring the +H+/P quotient directly from the ratio of the rates of proton uptake to ATP hydrolysis after 'triggering' the ATPase with light, and obtained a value near 2, in agreement with earlier indirect estimates. Other work confirming an +H+/P quotient near 2 for the ATPase system of chloroplasts has been cited by Jagendorf (1973) .
The complexity of the proton-translocating ATPase system is obviously an important biochemical question. Work mainly initiated in Racker's laboratory has led to a partial answer. The complete oligomycin-sensitive or dicyclohexylcarbodi-imide-sensitive proton-translocating ATPase system from mitochondria, chloroplasts and bacteria consists of two major components: a protein called Fl, about 350000-400000 molecular weight, identified in electron micrographs as knobs attached on one side of the membrane, and a lipoprotein complex, originally called Fo (Racker, 1970; Kagawa, 1972) . Under appropriate conditions, the component F1 exhibits ATPase activity that is insensitive to oligomycin and dicyclohexylcarbodi-imide. It consists of several subunits (Lien et al., 1972; Brooks & Senior, 1972; Tzagoloff etal., 1972; Mirsky &Barlow, 1973 ; and see Harold, 1972) , including, in some preparations, a specific ATPase-inhibitor polypeptide of molecular weight 10000-13000 (Brooks & Senior, 1971; Senior & Brooks, 1971 ; Knowles & Penefsky, 1972; Nelson et al., 1972; Van de Stadt et al., 1973) . The Fo complex component has no known enzyme activity, but, in the absence of component F1, it exhibits a high proton conductance that can be specifically decreased (in mitochondrial cristae) by oligomycin or (in chloroplast grana) by dicyclohexylcarbodi-imide (Mitchell, 1973) . When component F1 is complexed with component Fo, the ATPase activity becomes sensitive to oligomycin or dicyclohexylcarbodi-imide. In addition to specific phospholipids, component Fo includes at least two polypeptide components [oligomycin-sensitivity-conferring protein (OSCP) or Fc or nectin, and a proteolipid] involved in attaching the component F1 specifically to the lipoproteincomplex Fo and in causing the ATPase activity to be sensitive to the above inhibitors (Knowles et al., 1971 ; Senior, 1971; Abrams et al., 1972; Van de Stadt et al., 1972; Cattell et al., 1971; Stekhoven et al., 1972) . However, it is particularly noteworthy that the functional activity of the complete proton-translocating ATPase systems does not depend on inclusion of redox-chain components in the complex or on contact with or proximity to such components. This is shown, for example, by the fact that Streptococcus faecalis (Harold & Papineau, 1972a,b) and promitochondria from Saccharomyces cereuisiae (Groot et al., 1971) do not contain a respiratory chain but possess a fully functional proton-translocating ATPase system. Further, Racker and co-workers (Kagawa et al., 1973) have succeeded in reconstituting vesicles catalysing 32Pi-ATP exchange and ATP-driven proton translocation, by using chemically defined phospholipids and mitochondria] membrane proteins that were virtually free of redox carriers; and similar results, with mitochondria1 lipids, have been obtained by Skulachev and co-workers (Jasaitis et al., 1972) .
In a delightfully uninhibited research programme, Jagendorf and co-workers found that the ATPase system of chloroplasts catalysed a rapid phosphorylation of ADP when a pH gradient was applied across the membrane by plunging chloroplasts into an 'alkali bath'. The amount of ADP phosphorylated depended on the total proton flow through the ATPase system, the +H+/P quotient probably being near 2, as for ATP hydrolysis; and the driving force on ATP synthesis included both the ApH component and the electric potential component of the total protonmotive force (Jagendorf, 1973 ; Schuldiner et al., 1972) . The ATPase system of mitochondria has likewise been shown to couple ADP phosphorylation to proton flow (Reid, 1970; Thayer & Hinkle, 1973) .
The reversible proton-translocating ATPase systems discussed in the present paper are very complex and a tremendous amount of research will, no doubt, be required to explain the molecular mechanisms in detail. My object here, however, is to try to save time by establishing some general principles of the mechanism of the reversible catalysis of ATP hydrolysis and the mechanism of the stoicheiometric coupling of this process to proton translocation. As discussed in more detail in a recent short review (Mitchell, 1973) , I consider here whether ATP, ADP and PI, which react specificafiy with protons, may themselves be directly involved in the translocation of protons across the ATPase system during their obligatory movements into and out of the ATPase system as a result of the hydrolytic process.
After much painstaking work in which it transpired that there are unlikely to be covalent intermediates (other than ATP) involved in the proton-translocating ATPase reaction, Boyer and co-workers have shown that tightly bound ATP is produced spontaneously (or possibly under the influence of a relatively small driving force) in the mitochondria] ATPase system at high ADP and Pi concentration (Cross & Boyer, 1973; . Thus to obtain continuing ATP synthesis, it appears only to be required to pull out the bound ATP while feeding in the ADP and Pi. Boyer believes that conformational changes of the ATPase complex (caused by contact with a neighbouring redox system or intermediary) provide the force.
In this colloquium, I develop the notion that the conformational changes (Ryrie & Jagendorf, 1972) , although essential for the catalytic mechanism, are not the source of the thermodynamic driving force; and in view of the known stoicheiometric protontranslocating property of the ATPase systems, I show how the thermodynamic forces on the ATP, ADP and Pi, as they go into and out of the active centre of the F1 component of the ATPase system in the membrane, may arise from their different states of protonation in the specific translocation pathways-much as in a proton-coupled solute porter system (Mitchell, 1970) .
